Fundamental optics such as lenses and prisms work by applying phase shifts to incoming light via the refractive index. In these macroscopic devices, many particles each contribute a miniscule phase shift, working together to impose a total phase shift of many radians. In principle, even a single isolated particle can apply a radian-level phase shift, but observing this phenomenon has proven challenging. We have used a single trapped atomic ion to induce and measure a large optical phase shift of 1.3 ± 0.1 radians in light scattered by the atom.
Spatial interferometry between the scattered light and unscattered illumination light enables us to isolate the phase shift in the scattered component. The phase shift achieves the maximum value allowed by atomic theory over the accessible range of laser frequencies, validating the microscopic model that underpins the macroscopic phenomenon of the refractive index. Single-atom phase shifts of this magnitude open up new quantum information protocols, including long-range quantum phase-shift-keying cryptography [1, 2] and quantum nondemolition measurement [3, 4] .
Optical phase shifts are commonly observed from all materials, and generally originate from the delayed response of electrons to an applied light field. In principle, large phase shifts persist down to the single-atom level. As the frequency of light is tuned through atomic resonance, semiclassical theory predicts that the scattered light experiences a phase advance of 0 for far red detuning, through π/2 on resonance, to π for far blue detuning.
Small phase shifts have recently been observed from single atoms [5] and molecules [6] .
Similar small phase shifts, arising from the shift of atomic energy levels, have also been observed by interferometric measurements of fluorescence from single trapped ions [7] . The interferometric techniques used in those experiments detected only the on-axis interference between the scattered field and the illumination field, so the properties of the scattered field could not be studied in isolation. Since the illumination field is always much stronger than the scattered field in these configurations, the accessible phase shift was limited at the 100 mrad level by the scattering amplitude, restricting applications in quantum information processing and nanophotonics. In another recent approach, by confining an atom in a highfinesse optical cavity, the phase shift effect was magnified by the many passages of the illumination light through the atom [8] . Here we demonstrate control of a radian-level phase shift of scattered light for an isolated atomic ion in free space, as promised by theory.
Our experimental apparatus is similar to that used in our recent work [9, 10] . A schematic of the apparatus is shown in Figure 1 Our data consist of background-subtracted, normalised images of the light transmitted past a single trapped ion, which amount to spatial interferograms of the light field scattered by the ion. These images are obtained by subtracting signal images, for which ion absorption was present, from reference images of the illuminating beam. Each pixel of the subtracted image is then normalised to its value in the reference image. To acquire the reference images, we optically pump the ion into the metastable D 3/2 atomic state, which scatters only a negligible amount of the 369.5 nm light. In the observation plane (i.e., the plane imaged onto the camera), the intensity of the scattered field U sc (x, y) is everywhere much smaller than the intensity of the illumination field U 0 (x, y). Within the image area, the illumination field intensity is uniform and is independent of the observation plane position, so the phase and amplitude of the illumination field is uniform. The background-subtracted, normalised image signal, denoted S(x, y), is therefore given by
The image signal S(x, y) is seen to be a spatial interferogram of the scattered field, with the illumination field serving as the reference wave. The high information content of the spatial interferogram S(x, y) enables us to isolate the parameters of the scattered field U (x, y), in particular the phase shift. The total transmitted field amplitude U 0 (x, y)+U sc (x, y) exhibits only small phase shifts relative to the illumination field in our data. Nevertheless, in order to match the spatial dependence of S(x, y) to well-understood models of wave optics, we are constrained to assign large phase shifts to the scattered component of the total field. The imaging technique therefore accesses the scattered field alone, in contrast to results from previous spatially unresolved measurements [5, 6] . Since those previous measurements only probed the total transmitted power, the largeamplitude illumination field overwhelmed the small-amplitude scattered wave contribution.
Hence the phase shift observed in those measurements was always reduced by a factor of U sc /U 0 < 0.1 relative to the results presented here, accounting for the previous observations of < ∼ 100 mrad phase shifts. We determine the phase of the scattered wave at each detuning from a series of interferogram images similar to those shown in Figure 2 . For each image series, the detuning is fixed and the observation plane is shifted to several positions along the optic axis. Each image series is fitted to a simulation of the wave propagation through our imaging system, and the scattered wave parameters are extracted from the fit. Typical fit images are shown in Figure 2. When used to simulate fluorescence images, this model leads to good agreement with previous experimental data [9] . Further details of the model can be found in the Methods Summary.
Despite the presence of the auxiliary red-detuned cooling beam, we still incur reduced image contrast when the illumination beam is blue-detuned, but the reduced contrast does not affect our ability to measure the phase shift. The auxiliary cooling beam intensity is kept relatively low to avoid excessive saturation of the atomic transition, so the ion temperature still rises above the Doppler limit for blue detuning. The resulting thermal motion reduces the effective imaging resolution at blue detuning [11] . Along with residual saturation by the auxiliary beam, the lower resolution accounts for the reduction in contrast seen in Fig. 1(b) .
The cooling beam also imparts an AC Stark shift to the atomic levels, which is calculated to be negligible for our experiment.
The retrieved phase of the scattered wave is shown as a function of detuning in Figure   3 . Since the intensity of the illumination is kept well below the saturation intensity of the atomic transition (600 W cm −2 ), the semiclassical theory of atomic scattering in a weak laser field should apply. The phase φ then depends only on the laser detuning ∆ as follows:
where Γ is the atomic frequency linewidth (full-width at half maximum). Ion heating to b) Normalised scattering probability as a function of detuning. All values are normalised to the maximum scattering probability observed in the data. The theory curve is predicted from the fit to the phase shift. On resonance and at blue detuning, the scattering probability is lower than expected from the theory. The mechanical effects of the laser light are seen to be significant, including the broadening and red-shift of the phase-shift data relative to the ideal case.
adding atoms one at a time to our system, we can study the transition from microscopic quantum-optical phase shifting to macroscopic refractive optics. Our results also enable new protocols in quantum communication and measurement, since one may also manipulate the 7 internal quantum states of the atom. For instance, in quantum phase-shift-keying (QPSK) cryptography, quantum information is encoded in the phase shift of a single photon [1] , making it extremely resistant to decoherence and channel loss [2] . The detuning dependence of the single-atom phase shift can be exploited to entangle the atomic state with QPSK photonic states, e.g., by using an atom with a Zeeman-split spin-1/2 ground state and driving atomic scattering with a laser tuned between the Zeeman-split transition components. The photonic states produced by atoms at remote nodes can then be used for long-distance QPSK cryptography by entanglement swapping, according to standard quantum repeater protocols [12] . Conditional phase shifting of multiple photons can also be used to read out the state of the atom in a minimally destructive way. Since all photons undergo the same conditional phase shift, the photonic state is entangled, permitting Heisenberg-limited estimation of the optical phase [3] and therefore of the atomic state. In combination with the stable homodyne readout provided by our imaging technique, the measurement back-action can approach the limits achieved with much more challenging techniques based on optical resonators [4] .
Methods Summary
Details of fitting model.
Our fitting model takes the scattered wave to be a scalar spherical wave. This assumption is well justified our numerical aperture (NA) of 0.64, since our geometry restricts the scattered polarisation to σ ± along the imaging axis [13] . The illumination field is modeled as a low-NA Gaussian beam with standard Gaussian beam propagation theory.
The spherical scattered wave is propagated nonparaxially up to the Fresnel lens and then prop- 
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The scattered wave is then reimaged onto the camera image plane by a weak lens: this process is modeled using the Fresnel diffraction integral, a valid approximation for this low-NA portion of the optical system. All told, the model predicts that the scattered field in the image plane (x, y)
is given by U sc (ξ) = −U 0 a sc e iφsc ie −ik(f F +f R ) λf Rũ sc ξ λf R (3)
for small deviations of the viewing plane ζ along the optic axis, measured relative to the in-focus image plane. Here ξ = x 2 + y 2 is the transverse distance from the optic axis in the image-plane coordinates, the drive field amplitude is U 0 , the atomic scattering amplitude and phase are a sc and φ sc , the Fresnel lens focal length is f F , the reimaging lens focal length is f R , and F[g] denotes the two-dimensional Fourier transform of a test function g(x, y).
